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(54) Title; PROGRAMMABLE MCTALLIZATION CELL STRUCTURE AND METHOD ()F MAKING SAME 

(57) Al^trsct 

A iwogrimmable metallization 
cell (TPMC") comprises a fast ion 
cdnducior such as a chalcogcnidc- 
mfeial kin and a plurality of electrodes 
(e.g^ an anode and a cathode) dts- 
posed at thie sinfacc of the fast ion 
conductor and spaced a set distmce 
apttt froiti each odier. Preferably, 
dx fast ion conductor comprtsies a 
cJuikogrnidc with Group IB or Group 
liB inetals, the anode comprises siV 
fc^,~abd the cathode coinjpriscs altK 
rnihurn or ochjcnr conductor. Whbn a 
yoilaltc is applied to die aiiodc aiid 
the ciidMNle. a non^vol^le ^a^l dfen^ 

<^ife grows from dte cathode along the siirfoce of die fast iofi conductor towards d>e anode, IHfc gmwih fate oT Ibe dendrite is s function 
of die applied Voltage and time. The growd) of die dendrite rhay be stopped by removing die voK^ and die dendrite may be retracted 
by reversing the voltage polarity at the anode and caUibde. Change* in die length of the dendrite affect the resistance and capacitance of 
die PMC. The PMC may be incorporated into a variety of technologies such as memory ifevkes^ programmable resistor/capacitor devices, 
optical devices, sensors, and the like. Electrodes additional to die cadtode and anode can be provided to serve as outputs qr additional 
outputs of drfe devices in ser»sing electrical characterisifes which are dependent upon die extent of the dendrite. 
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PROattAMMABLE MkTALUZAtiON CELL STRUCTURE 
AND METHOD OF MAKiNG SAME 

The present invention relates, generallyr to a programmable rnetallizatidn cell 
5 comprising a fast ion conductor, a plurality of electrodes and a voltage-controlled 
metal structure or dendrite formed at the surface of the fast ton conductor between 
the electrodes, . and nrH>re particularly, to devices such as electronic memory, 
programmable resistors and capacitors, iritegrated optical devices, and sensors 
utilizing the programmable metallization celK 

1 p B&ckgroiiihd Art and Te^hhicai Prot^fris 
Mbmbiry Devices 

Memory devices are used in electronic systerns and computers to store 
rhformdtion in the form of binary daita. These memory devices may be characterized 
into various types, each type having associated v^ith it various advantages arul 
15 disadvantages. 

For example, random access memory CRAM") which may be found in personal 
corhputers is volatile semiconductor memory; in other words, the stored data is lost 
if the power source is disconnected or removed. Dynamic RAM ("DRAM") is 
particularly volatile in that it must be 'refreshed* li.e. recharged) every few 
20 ifnieros^ebdnds in order to maihtain the stored datd. Static RAM fSRAM'^) will hold 
th^ ddta dfter ori6 writlrfg so loitg as the power source is rhaintained; brice ihe poWer 
^oiircb is disconnected, ho^WeVer, the data is lost, thus, in these volatile memory 
corifigurations, ihf brmatibn is only retained so long as the power to the system is not 
turrled.off. 

25 CD-ROM is an exarnple of rK>rv-volatile memory. CD-ROM is large enough to 

contain lengthy audio and video segments; however, information can only l>e read 
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ftdrn and not written to this memory. Thus, once a CD-ROJ\A is programmed during 
itVaniufacture, it cannot be reprdgrammed with new information. 

Other storage devices siich as magnetic storage devices (i.e., floppy disks, hard 
disk^ and rhagneftic tape) as well as other systems, such as optical disks, are non- 
5 Volatile, have extremely high capacity, and can be rewritten many times. 

Urifbrtuiiately, these memory devices are physically large, are shockMbration- 
. . sensitive, require expensive rnechahical drives as well as consume relatively large 
simdiihtis of power. These negative aspects make these merriory devices norvideal 
ifbr .ldw p6Wer portable applications such as lap- top and palnvtop computers and 

16 fi^rsbnai digital assistants ("PDAs"). 

Due to the rapidly growing numbers of compact, low-power portable computer 
systems in which stored information changes regularly* read/write semiconductor 
rheriiiories have becorne widespread. Furthermore, because these portable systems 
require data storage when the power is turned off, a norvvolatile storage device is 

15 required, the simplest prdgrarhmable semiconductor non-volatile memory devices in 
these computers are prograrnvnable read-only memory TPROM*). the most basic 
PiRtOM uses an array of fusible links; once programmed, a PROM cannot be 
fcrprogrammed. This is an example of a write-once read-many ("WORM") memory. 
This ei^asable PROM {"EPROM") is alteratxle, but each rewrite must be prieceded by an 

20 erase step involving exposure to ultra violet light. The electrically erasable PROM 
{"EEPROM* or *E^PROM*) is perhaps the most ideal of cohventidnal ndrvvol^tile 
. .s^rhicdhductbr rhemdiry, as it Can be Written to many times. Flash riiernbries, andther 
typfe df EEPROM, have higher capacity thari the low density, tr^itional EEPROMs but 
lack their endurance. One major problem with EEPROMs is that they are inherently 

it complex, the floating gate storage elemc^nts that are used in these memory devices 
are difficult to manufacture and consume a relatively large amount of semiconductor 
real estate. Furtherrtiore, the circuit design must withstand the high voltages 
necessary to program the device. This means that an EEPROM's cost per bit of 
memory capacity ts extremely high compared with other means of data storage. 
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Anmher dis;advahtage of EEPROMs is that although they can retain data without 
havihg the power source connected, they require relatively large amounts of power 
to program. Thl^ power drain can be considerable in a compact portable system 
powered by a battery. 
6 Recently, ^ great amount ol attention has been given to an afterhative non- 

volatile mfemory tbchhol6giy based on ferroelectric materials. Unfortunately, thfere is 
st)i) a 0reat hurhb^r bf problems associated with this data storage approach that have 
prevented the Widespread application of f erroelectrk: materials, the various problems 
including hon-ideal stbriage characteristics and extreme difficulties in manufacturing. 

lb Accordingly, in view of the various problems associated with conventional data 

storage ddvice^ (described above, it is highly desirable to have a read/write memory 
.technology drid devide which is inherently simple and inexpensive to produce. 
Fiirtherriridrey this mcimory t^chrtolbgy should meet the requirements of the r^ew 
generatiitm ol portable computer devices by operating under a low voltage while 

1 is providing high storage density, non-volatility, and a low manufacturing cost. 
Progirammabte Paissive arul Active Components 

Electronic circuits may comprise literally miiliohs of corhponent parts. These 
component parts generally fall into two distinct categories, namely, passive 
Components and active components. Passive components, such as resistors and 

20 capacitors, have electrical values associated with them which are relatively constant. 
Oh the other haiid, the electrical values of active components, such as transistors, 
drie desiigned to. chahge when a voh'age or current Is applied to control electrodes. 

Bi^csiOs^ 'dfi thiS. 63(ti6^hsive use of these two types of components, it is highiy 
ddsirablie to ;h)aVe a low-^cbst device which may perform both the functions of a 

25 passive cdrnpbnerit and an active component. For example, it would be highly 
desirable to have a device that acts as an active component which responds to ah 
applied sigrial by altering its resistance and capacitance and yet, in an alternate 
ernbodirnent, the same device acts as a passive component which can be pre- 
programrhed (i.e., the change is ''remembered'' by the device after programming is 
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complete). Such a device wbuld be able to be implemented in many diverse 
. applications from tiihed circuits in cdnrimunicatio>is equipment to volume controls in 
audio systems. 
'5|itf cdl Devices 

5 Recently, there been ah ehorrnous demand for variouis optical devices such 

as dismay devices for lap^fdp computers, high definition television ('HDTV), spatial 
li§ht modulators^ ahd the like. It would be highly desirable to have a lowf cost, higNy 
mahufatfUrabie device that rhay be utilized iri such bpticel devices as, for exaniple, 
a shutter to block the passaige of light through dn optical cell or as a mirror which 
16 may deflect a scanned incidem beahi on or off a screen or other target. 

The measurement of exposure to ultraviolet radiation and other forms of 
radiaif ion . is vi^ry important as radiation is believed, for example, to promote skin 
caincer and other damaging effects to an individual. 
I'S Accbrdlrigly, it is desirable to have a highly manufacturable device that may be 

used in Ibv^/^cost, wavelength ser>sors or sensor arrays for short wavelength radiation 
such as ultraiviolet radiation ilO'^-l 0'^ meters), x-rays (10^-10'*'), and gamma rays 

ho^^-io-'*). 

GdiichJ^on 

20 Because of the widespread use of devices such as memory devices, 

V0ro^8mrfiebie resist&r arid capdcHor d^cesr Electro-optical devices, and sensors, it 
. - is . Vilify..- d^sirdb^^ hdve d ibw, cdst, . easy to r^dniifacture device that rhay be 
irt^p^feh^ehted in aill bf the variotfs apj^fic^tions, drfiohg others'^ 

SufUmtby of th^ Hiven^h 
25 In accordance with an exemplary embodinient of the present irivention, a 

prdgyeiihirnable rhetalHzation cell ("PMC") comprises a fast ion conductor such as a 
. cbalcog'enide*metal ion arid at least two electrodes (e.g., an anode and a cathode) 
comprising an electrically conducting material and disposed at the surface of the fast 
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ioni conductor a set distance apart from each other. Chalcogenide rtiaterials as 
referred to herein include ail those compounds invohnng sulfur, selenium and/or 
tellurium. In a preferred embodiment, the fast ion corniuctor comprises a 
chafibogehide and Group I or Group tl metals (most preferably^ arsenic trisulphide- 

.5 siWer), the anode, eompriies silver and the cathode compnses aluminum or other 
icoifKlOctfng materiaL When a voltage is appBed to the anode and the cathode, a non- 
volatile trietB) dendrite rapidly grows from the cathode along the surface of the fast 
ioh conductor tbwards the anode. The growth rate of the dendrite is a function of 
the applied voltage arui time; the growth of the dendrite may be stopped by removing 

10 the voltage or the dendrite may be retracted back towards the cathode by reversing 
the Votta^ polarity at the anode ahd cathode. Changes in the length of the dendrite 
affect the ri&sisrahce and ca^acitahce of the PMC. 

In accordance With one aspect of the present invention, a PMC is utilized as a 
memory storage device. Mor6 particularly, by applying a constant or pulsed bias to 

15 the cathode and anode over a period of time, a dendrite of a certain length is 
producsid. Associatied with this dendrite length are measurable electrical parameters 
such as resistarice and capaciiance. In a preferred embodiment, both analog or digital 
valu^is may be stbred in the device. 

In accordance with dhother d^pect of the present inverition, a PMC is employed 

20 as a prbgrdmmsble resistdr/dapacitor device wherein a specific resistance or 
cdji^chance v^lue is programnied by applying a DC voltage for an appropriate period 
. of tirhe. 

In dCcordShcie With yet another aspect of the present invehtion, an electro- 
opticat device comprises a PMC having electrodes of broad width. When a large 
2^ voUdge is apjpiied to the electrodes, a dendrite "sheet* is produced that acts as a 
shiltt^r tb block the passage of light through an optical celt or as a mirror lor 
deflecting a scanned incident beam on or off a screen or other target. 

In accordance with still a further aspect of the present invention, a PMC is 
utilized as a short wavelength radiation sensor. Because the growth and dissolution 



f^te of the rhetal diBiVdriie is serisitive to certain wavelengths » the difference in the 
grov/th rate of the dbhdrite cah than be related to the intensity of the incident 
rddiatioh. 

Bii6f bitserifiifSh of th& likmhg Figures 
5 The preseht inv^ntioh will hereinafter be described in cdhjur>ction with the 

ap^p^nded drawing figures, Wher^iri: 

FIG: 1A Is a pidh view of a prbigrammable rnetalHzation cell in a lateral 
c&hfigufatibh in accordaince with one ennbodinnent of the present invention; 

t^lG. IB is d crosS^sectiohal view of FIG. 1A taken from line VI; 
10 FiG. 2 is a gfaiphit reprteeritatioh showing the relationship between resistance 

a(nd time in an exerhplary ptogrammable metallizdtiori cell; 

FIG. 3 is d ^rdj^hlc represehtatioh showing the relationship between capacitance 
and tirhe in an exemplary cbhfiguratidn of a programmable nrietallization cell; 

FIG. 4A is si pli»i view 6f a progfarnrtiable metaliis^atioh cell in a vertical 
15 cohifiguration in acdordance with another Embodiment of the present invention; 

Fl6. 4B is a brbss-sectiohal.view of FIG. 4A taken froni line 2-2; 

FIG. 5A is a plan view of an exemplary lateral type memory device in 
accordance with the present iriventioTi; 

FIG. 58 is a cross-secttohal view of FIG. 5A tdkeh from line 5-5; 
26 FIG. 5C is a cross'&ectional View of a lateral memory device in accordaince with 

aiidthiefr embodimient of the pre^eht invention; 

FiG. 5b i^ a Cross-sedtibhal view of a lateral memory device in accordance with 
yiat ahothi^r embodirHdirit 6f the preseht inveriition; 

FIG. 5E is a Crosis-sei^tidhal view of a lateral memory device b accordar>ce with 
is Isitill.yet another embodiment pi the priefseht invention; 

Pig. 6A is a plan view of an exemplary vertical-type merhory device in 
accordance with the preseht inver^tion; 

iFIG. 68 Is a cross-sectional view of FIG. 6A taken frorh line 6-6; 
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PiGi 7A is a plan view of ah exempldrv embodiment of a programmable 
resistdnce/cBp^cttahce device in accordance with the present Inverition; 

FIG. 7B is cross-sedtional View of fIG. 7A taken from lirie 7-7; 

FIGii. dA'.ls a plan Vte'w bf a |>rbgraimmable re^sistiahtie/bapiacitance device in 
5 abcbrdarice With ^ribthet eihbodirft^t of the preseritt invWition; 

FIG. 8B is a cros^iectiondi vic^w bf FIG. 8A taken from line 8-8; 

FlCa. 9A is a plan view of an exemplary electro-optical device In accordarure 
with the present iriveiriti6h; 

FIG^ dB Is a cifoss-sectibnal view of the electro-optical device of FIG. 9A taken 
10 firbrri line 9^9; 

FIG. 10A is ^ piah vilsw of ^n ^xc^mplairy radiation sensor in accordance with 
the present ihv'ehtibh; and 

FIG. 1 OB is a trb^sectiohjal view bf the sensor bf FIG. IDA taken from liiie 
ia-10. 

15 Detaihd Description of Pri^ferred Bxemphiy Em 
I. ProgriB^mmiabld l\AetalBzatiph Cell 

Referring now to FIGS. lA and IB, an exertipfary programmable metatlizatibn 
cell ("PMG") 10 in a lateral or horiiohtal configuration is shown in accordance with 
one ernbodimeht of the present invention. PlG. 1 A is a plan view of PMC 10 and FIG. 
20 IB is a cross-sectional view of PMC 10 taken from line 1-1 of FIG 3 A. PMC 10 
. comprises a fa^t ion cbhductor 12 and a plurality of electrodes 13 and 14 (e.g., 
cfdthbdb: 13 aiW anbde 14) disposed ait thb surface of fast ibVi. coiiiductor 12* 
Dt^tibhaily, a stjppbr^ Siib^trdte 11 mdy be provided at the base of fa^t ton 
cohdubtor 12, above electrodes 13 ahd 14 (not shown), or both, to give added 
25 strencith and rigidity to device 10. ^bstrate 11 nr>ay appropriately comprise, for 
example, plastic, glass, or semiconductor material. 

With continued reference to FIGS. 1 A and IB, fast ion corniuctbr 12 comprises 
a solid electrolyte, a metal ion-contaihir>g glass, a metal ion-containing amorphous 
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semicbhductor, a chaicogehide-metal ion, or the like. In the broadest sfense, a 
chdicogcinide rhateriat m aiccordahce with the pr6ser)t invention includes any 
cbmpotind containing sOlfur/seleniurn and/or teliurium, Whether ternary, quaternary 
or higher conripouhds. In a preferred embodirnent, fast ion conductor 12 comprises 
5 a chalco^enide-rrietal rbh composition, the chafcogenide material is ^selected from the 
group consisting of ari^enic, germanium, seleniurh, telluriurh, bisrnuth, nickel, sulfur, 
polonium and zinc (prefer&bly, arsenic sulphide^ germanium ^Ifide, or germanium 
setliBnide) arid the. nhMal cdmprises various Grbu> I or Group II metals (preferably, 
sihfer, copper, ziric or a corhbiheition therfedf). The chalcfogehide-metal ion 
10 composition may be obtained by photodissolution, by depositiiig from a source 
comprisirig the chalcogenide and nrnetal, or by other methods known in the art* 

With continued reference to FIGS. 1 A arKi IB, in a most prief erred embodiment, 
fast idh Coruiuctor 12 cdthprises ars^ic trisutphide-silver I^ASjSj-Ag'). the sih^er is 
introduced into the ASjS, by illuminating a thin sihrer film and the AS2S3 layer with 
15 light of wavelength less than 500 n'dnometers. If sufficiertt sBver is prfesent, the 
process results in the forrnatioh of a ternary corhpound which is stoichiometrically 
similar to the mineral smithite (AgAsSj), a stable amorphous material. Preferably, 
sufficient silver is deposited on the chalcogenide surface to form the equilibrium 
phase throughout the chalcogenide layer. While it is possible for PMC 10 to operate 
20 without fast ion conductor t2 being in the equilibrium phase, the operation of PMC 
10 reqinres corisiderably higher voltage. 

With coritinued refe^r^hce t6 FIGS. 1A and IB, electrode^ 13 and 14 are 
siiitabiy arrdng^d apiatt from eaeh 6thi^r dt thd Surface of f^t iori Conductor 12, 
forming a' distance dl in the range of |:)refefably hundreds of rhiciroris to hundredths 
25 Of microns. Electrodes 13 dhd 1 4 may comprise ariy electrically conducting rnaterial 
that will produce an electric field for the rapid transport oif metal ions in fast ion 
conductor 12. When a voltage is applied to electrodes 13 and 14, a metal dendrite 
15 grows from electrode 13 (i.e. cathode), the electrode corviected to the negative 
pole of the power supply* Dendrite 1 5 grows by precipitation from the solid solution 
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of ci^tiohs (e.g. silver cations) dn cathode 13 creaited by a high local electric field. 
D&hdrite 1 5 may be allowed to grow across the surface of fast ion conductor 12 until 
it rh^ets opposing eiectrbde 14, ther^eby closing the gap and c6mplettr>g the electrical 
circuit. Alternatively, dendrite 15 may be halted before it reaches anode 14 by 
5 removirig the vottafge soiirce or. by placing an insulating physical baririer before the 
anode. As lorig &s dendrite 1 5 does not touch oppoate electrode 1 4, its growth can 
be edsily stopped artd retracted by reversing the voltage at electrodes 13 arul 14. 
Changes in the length of dendrite 1 5 affect the resistancis^ ahd capacitaric^ of PMC 
10; these changes rnay then be easily detected using simple circUrtry krwwn in the 

10 art. Another important characteristic of dc^ndrite 15 is its non-volatility; nnetal 
de^Hdrite 15 remains intact when the voltage is r^n^oved from' electrodes 13 and 14. 

with continued reference to f\G$i 1 A and IB, th a preferred embodrrnfent where 
feist ion cdlufuctor 12 corhprises As^Sj-Ag^ anode 14 comprises silver such as a solid 
Sliver layer or a stiver- alumiriurh bilayer; this allows for rapid dendrite growth to occur 

15 at a relatively low electric field as anode 1 4 acts as a sacrificial electrode. Cathode 
13 may be a solid silver layer, an aluminuiti layer, or a silver-aluminum bilayer, and 
in some conf iguratioris aluminum is the preferred material. If electrodes 1 3 and 1 4 
comprise silver (e.g. pure silver or ah alurhinum-sih^er bilayer), dendrite 15 will grow 
from the electrode that is conriected to the negative side of the power supply; when 

20 the voltage is reversed, the previous dendrite is di^solv^ or retracted arid a new 
dendrite gr6w^ f from the opi>o5ite electrode. Altematively, if cathode 1 3 comprises 
aliiVhinum ^riid anode 14 comprises pure sih^er or a silver-aiiApihum bilayer, dendrite . 
. 15 Will only grovir from cathode. 1 3; when the votfaige polarity is reversed, dendrite 
1 5; will re^tract towards cathode 1 3 but little or no dendrite growth will occur from 

25 oppos^lte electrode 14. If anode 14 or both cathode 13 ahd anode 14 comprise 
aluminum 6r another non-dissolving metal (e.g., gold), growth of derKirrte 1 5 becomes 
extremely slow and requires a high applied voltage. 

With continued reference to FIGS. TA and 1 B, the growth rate of derKirrte 1 5 
is a function of the applied voltage and time. Low voltages result in relatively slow 
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growth wher^ds higher vohagias produce extremeiy rapid growth, in small geometry 
devices (i.e»> a few microns in width), voltages in the range of apprdxirhatety 0.5 
volts to 1.0 vohs produce single dendrite structures with growth rates greater than 
10'^ irn/s while vohages in excess of 10 volts can produce a *sheet' of dendrite 15 
b between electrodes 1 3 and 1 4, rather than a single dendrite. 

With continued reference to FIGS. lA arid IB, a soft, polymeric coatirig Jhot 
. shown) siich as polyimide or novolac may be disposed over fast ion corkiuctor 1 2 and 
electrodes 13 drni 14 for prbtbcting PMC 10 from moisture or physical damage while 
still allowing growth of deruirite 15. 

16 f)ef erring, now to FIGS. 2 £jOd 3, graphic representations show the relationship 

ihia PMC between resistance dod tirfie and capacitance and time, respectively. The 
P^MC used to obtain these results Was a relatively large device (i.e. approximately 12 
rriicirohs from elecftfbde to electrode); nevertheless, these results provide a fair 
bvefvii^w of the general electrical cHardcteristics of the PMC. 

15 With specific referi^nce to FICj. 2, a curve 32 represents the relationship 

between the resistance and time of the PMC. Before any voltage is applied to the 
i^ebtrodie^s of the PMC, the resistance of the PMC is approximately 2.65 megohms. 
When a smalt 0.7 volt bias is applied to the electrodes as a series of 0.5 second 
: iHJlSes, the resistance of the PMC demonstrates ah ir>versely proportional relationship 

20 to the length 6i time the vohage is applied to the electrodes. For example, the 
resistance value after 4.5 secorKis of Applied voltage has decreased approximately 
55dK ohms to approxifn^tely 2.1 rhcgohms. Greater changes in the resistance valiie 
ari ilChi^ved Wheh a smaller PMC device or larger voltages are used. 

With reference how to FIG. 3, a curve 42 shows the relationship between the 

25 Cdpacitance of the PMC versus time. At approximately 0.5 secorids of an applied 0.7 
v6lt bias, there is approXirnately 0.45 picofarads of capacitance for the PMC device. 
When 0.7 volts is applied to the electrodes as a series of 0.5 secorni pulses, the 
Cdpacitance ol the PMC then rapidly increases to approximately 0.9 picofarads after 
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4.5 seconds. The capacitance increase is even greater if a i&maller PMC device is 
used or larger voltages^ applied. 

With reference noW td FIGS. 4A and 4B, a vertically configured PMC 20 is 
iliustrlBtted in siccdrdahce With anoth&r embodiment of the present invention. While 
5 the iMistial configiiratioii of 1 A and IB is easier to fabricate and has a fowet 

dssociarefd rhalnofddturihd to^St, the vertical configuration provides the advantages of 
a mujch more compact device. FIG. 4A is a plan view of PMC 20 in the vertical 
conftgurlatioh stid Fi6. 4B is a c'fofiis-s'ettional view of PMC 20 tdken from line 2-2 of 
HG4A. 

lb Whh continued refereiice to FIGS. 4A and 4B, an electrode 23 (e.g., a cathode) 

and dn eli^trode 24 te»g., an anode) are positioned apart from each other in parallel 
piarie's. . A fdst ion cbhductor 22 is disposed or sandwiched, bet ween electrodes 23 
dnd 24. Wh^ a voltaj^e is applt^ to cathode 23, a dendrite 25 grows from cathode 
23 along thd surface of fast ion conductor 22 towards anode 24. In a preferred 

15 ernbodiment, a supp^orting substrate 21 is provided adjacent electrode 24 or 23 to 
support and give rigidity to PMC 20. 

11. Metar Dendrite Memoiy 

As described above, a PMC rhay be implemented in various different 
techrK>logies. One such appliceitioh is In merhory deviceis. 

20 Turning r>oW to FIGS. 5A land 58, ain exemplary merriory cell or nrietal dendrite 

mefnory ("MDM'O Cell 50 is shown in a latl^ra) or.horizontal cbrifiguration. FIG. 5A 
is fi:plah S>ieW 6jf .IVI6M Sd ^fid FIG. 5B is a Cross-sectiort^ vieW of MDM 60 taken 
. rffdni iih0 5-5 6f . FIG 5 A. In this Illustrated embodiment, MDM 50 comjprises a 
substrate 51 whith provides the physical support for the memory cell or device. If 

25 substrate 51 is hoh-insulating or otherwise incompatible with the materials used in 
MDM 50, an insulator 56 may be disposed on substrate 51 to isolate the active 
portion of MDM 50 from substrate 51. Next, a fast ion conductor 52 is formed on 
substrate 51 (or insulating layer 56 if an insulator is used). Fast ion conductor 52 is 
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alpt^^opriat^ly peitterhed to provide isolation from rriemory cells or devices which may 
be adjsdent to cell 60. The dimensionis (e.g. length, Vi^idth and thickness) of fast ion 
cohduttbr 52 will deterrnihe, in part, the electrical characteristics of MDM 50» For 
example, if fast ion cbnducto^r 52 is thin and has a length greater than its width, the 
5 resistdhce value of MDM 56 will be greater than the resistance value if fast ion 
bdriduGtor 52 v^as thick an'd its width was greiater than its length. 

With coritiniu^d refeferice to FIGS. 5 A and 5B, the electrode materials are then 
deposited on conductor 52 and appropriately patterned to form electr&de 53 (e.g., a 
cathode) and electrode 54 le^g., an anode). When a voltage is applied to cathode 53 
lb arid dnode 54» ^ dendrite 55 grows from cathode 53 along the surface of fast ion 
conductor 52 towards electrode 54, The dimension and shape of electrodes 53 and 
^4 will. have an effect on the electrical characteristics of device 50. For example, if 
elc^rode 53 is narrow or c6mes to a point, the electric field around electrode 53 will 
be high and growth of dendrite 55 will be rapid. On the other hand, if electrode 53 
115 has a broad configuration, the electric field at electrode 53 will be relath^ely small and 
the growth rate of dernirite 55 frorn electrode 53 will be slower. 

With continued reference to FIGS. 5A and 5B, an insulating layer 59 is next 
deposited on device SO. this insulating layer 59 protects the active area of MDM 50 
frdrti mechanical darhagie or chemical contamination. Holes 35 are then appropriately 
20 provided in insulating layer 59 so as to allow a contact 57 and a contact 58 to be 
Electrically cdiipled with electrode 53 and electrode 54, respectively. 

With cohtiriiued reference to FIGS. 5A and SB, a person of skill in the art will 
. >ecbghizi th^t this ils not the dhly pdssible cohflgliration or rriethod for conis^ruictihg 
: :ik isSterdl MDM device, t^or example, ^ altemate configuration for MbM 50 rriay 
2S corhpfise forming eleX^trodes .S3 arxl 54 on substrate 51 and forming fast ion 
Conductor 52 over these electrodes. In this configuration, dendrite 55 will grow 
blori^ the iriterface betvveen substrate 51 and fast ion conductor 52. 

Turning now to a consideration of FIGS. 5C, the device shown there is similar 
to the memory cell or metal dendrite memory cell of FIGS. 5 A and 5B, but in which 
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additional electrodes are provided. Specilically, and relerring now to FIGS. 5C, MDM 
cell 250 comprises an insulator/substrate portion 251 supporting a fast ion conductor 
252. As was the case with the constniction referenced in FIGS. 5 A aiKJ 5B, fast ion 
conductor 252 is appropriately patterned to provide isolation from multiple adjacent 
5 cells or devices. Electrode materials are then deposited and patterned to form 
electrckJe 253 functtonirig &s d cathode ar>d electrode 254 functioning as an anode. 
When d voltage is applied to cathode 25^ and anode 254, a dendrite 255 grows 
along fhe surface of fast ion conductor 252 towards electrode 254 as shown in FIGS* 
5C At wds the case with the arrangement of FIGS. 5A and 5B, contacts 257 and 

TO 258 are pfbvided contacting the cathode 253 and anode 254, respectively. 
Additionally, and as shovim in FIGS. 5C, two additional electrodes 260 and 262 are 
provided, with respective contacts 264 and 266. Actually^ in accordance with this 
aspect of the invention either or^ or the other or both of the electrodes 266 and 262 
rhdy be provided, although the presence of both is shown in FIG. 5C. 

1 5 The additional electribdes 260 and/or 262 in accordance with this embodiment 

are providi^d in the same plaihe as the dendrite 255, and are separated by a material 
270 shown in FIGS. 5C, which can be either a dielectric material or a resistive 
rbaterial. In the case of a dielectric material, the device shown in FIGS. 5C will 
exhibit programmable capacitances between electrode 253 and electrode 260, 

20 between electrode 253 and electrode 262, arnl between electrodes 260 and 262, as 
wiell as of course between electrodes 253 and 254. The programmable capacrtances 
between the various eli^ctrodes a(re programrned by the extent of growth of dendrite 

In the c^se of a situation where the material 270 is a resistive niaterial, the 
25 device will exhibit corresponding programnlable resistances in accordance with the 
extent of dendrite growth. Specifically, programmable resistances exist between 
electrodes 253 arKi 260, between electrodes 253 arid 262, between electrodes 260 
and 262, and of course between electrodes 253 and 254. The magnitude of all 
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resistances will depend on the length of the dendrite grown between electrodes 253 
and 254. 

the device shown m FIGS. 5C can offer several advantages over the device of 
FIGS. 5 A and 5B which 6nly has two electrodes. Specifically, a dc bias voltage can 
5 be applied between ariy combination of the electrodes other than electrodes 253 arid 
254 without altering the dendrite length and her>ce the capacitance and/or resistance 
of the device. This has important implitatloris for the use of the device in memory 
arrays and other electronic circuit applications. These Same considerations and 
advantages apply to a three eleclrode, rather than four electrode, device. Dendrite 
10 grbwth is restricted to occur between electrodes 253 and 254 and never between 
ahy of the other electrodes. Electrodes 253 and 254 are therefore the programming 
t^rrnihals of the device, with the other electrodes being the output terminals of the 
device. 

Turning rK>w to a consideration of FIG. 5D, a device is shown in cross section 

15 sirhildr to the device of FIGS. 5C, but in which the additional electrode or electrodes 
is or are provided albbve the plane of the dendrite, rather than in the same plane. As 
shown in. FIG. 5D, MDM cell 350 comprises an insulator/substrate portion 351 
supporting a fast ion conductor 352. As was the case with the construction 
referenced in FIGS. 5A, 5B, and 5C, fast ion conductor 352 is appropriately patterned. 

20 to provide isolattdn from multiple adjacent cells or devices. Electrode materials are 
then deposited and paitterned to form electrode 353 functioning as a cathode and 
electrode 354 functioning as sfn anode. Wheri a voltage is applied to cathode 353 

^ arid anode 354, a dendrite 355 grows along the surface of f aist ibrV conductor 352 
towards electrode 354. CoHtaicts 357 and 358 are provided contacting the cathode 

2i5 353 and anode 354, respectively. Additionally* either one or two additional 
electrodes can be provided, with one of these electrodes 360 being shown in FIG. 5D 
2is situated abovef the plane of dendrite 355« and having contact 364. The additional 
electrode or electrodes 360 in accordance with this embodiment are separated by a 
material 370 shown in FIG. 5C>, which can be either a dielectric material or a resistive 
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rHateris^l. In the casia of a dielectric Catena), the device shown m FIGS, 5D will 
exhibit prbgfammdble capacitances between electrode 353 arwi electrode 360, 
between electrode 360 shown and another electrode 362 beneath the fast ion 
. cdViduCtor (not shdWh) if provided, between electrode 360 and electrode 354, and 
S 6f course bi&tween el^trddes 353 arul 354. The programmable capacitartces 
between thie various electrodes are programmed by the extent of growth of dendrite 
355. 

In the tase bf a situation where the material 370 Is a resistive material, the 
vdeVied will ^Ixhibit cbrrespbndtng pro^tdimrri^ble resistances in accordance with the 

10 extent of dendrite growth. Specifically, prograirnmabie resistances exist between 
electrodes 353 and 360^ between electrodes 353 and 362 (if provided), between 
electrodes 360 and 362 (if provided), and of course between electrodes 353 and 
"354. the rhagnitude of all resistances will depend on the length of the dendrite 
grbwri betwei^h ele^ctrodes 353 and 354. 

15 Jha device s)|iDWn in FIG. 50, like th^ of FIG. 5C, can offer several advantages 

6V6r the device of FlCsS. 5A and 5B Which only has two electrodes. Specifically, a 
dc bias voltage can be applied between any combination of the electrodes other than 
electrodes 3S3 and 354 without altering the dendrite length and hence the 
cai^'acitd'r>ce arid/or resistance of the device. This has important implications for the 

20 use of the device iri memory arrays and other electronic circuit applications. These 
sarUe considerations and advantages apply to a three electrode, as well as a four 
eletff&de/deViii:^^. Dendrite growth Is restricted to bccur between electrodes 353 and 
354 ^d ndv^r between any 6f the 6ther elecuodes. Electrodes 353 aiid 354 are 
thetc^fdre the. programming terminals of the device, with the other electrodes being 

25 the output terminals of the device. 

Referring now to FIG. 5E, a device is shown similar to the device of FIG. 50, 
but in . which the additional electrode or electrodes is or are provided in a plane 
beneaith the plane of the dendrite. In FIG. 5E MDM cell 450 comprises an 
insulator/substrate portion 451 supporting a fast ion conductor 452. As was the 
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case in the previolis efnb6d)rnents/fa^t ion conductor 452 is appropriately patterned 
tb provide isolation from rhuHiple adjacent cells or devices. Electrode materials are 
iHm depbslted aind patterned to form electrode 453 functioning as a cathode and 
^lectrodd 454 fiinctioning as ah anode. When a voltage Is applied to cathode 453 

. 5 and ahode 454, a dendrite 455 grows along the surface of fast ion conductor 452 
tdWards electrode 454. Contacts 457 and 458 are provided contacting the cathode 
453 and arSodtj 454, respectively. Additionally, either one or two additional, 
electrodes can.be pri>vid^. With orie of these electrodes 460 being shown in RG. 5E 
as situsitieti belbw the plane of de^ndrite 455. Electrical contact to electrode 460 is 

10 itot specif ically j^hoWn in FIG. 5E, but cain be appropriately nriade as known to those 
skilled in this art through ah iiiisulated or Isolated via hole thr6u£|h substrate 451 and 
. irisiiiator 456^ or through ah appropriatie ihsulated or isolated via hole extern! ing into 
the elet^trode 460 from the opposite direction, i.e., though portion 470, which can 
be either a dielectric material or a resistive maten'aL In the case of a dielectric 

15 rhMerlai, the device shown in FIG. 5E will exhibit programmable capacitances 
between electrode 453 and electrode 460, between electrode 460 shown and 
another electrode 462 above the fast ion conductor (not shown and if provided), 
b'^tvvecn electrode 460 and electrode 454, and of course between electrodes 453 
/dhd 454. the pt6grammat>le Capacitances between the various electrodes are 

20 p^ogrammied by the extent of grov\rth of dendrite 455, 

In the casie of a situation where the material 470 is a resistive material, the 
, device Will exhibit c6rrfesj>6hdihg prbgr^^able refeistarwres in accordarice with the 
BXtdht of dendrite growth. Spebifitally/ prograrnrhable reststiances exist between 
electrodes 453 and 460, betweeh electrodes 453 and 462 (if provided), between 

25 electrodes 460 and 462 (if provided), and of course between electrodes 453 and 
454. The rha^hitude of ail resistances will depend on the length of the dendrite 
grown between electrodes 453 and. 454. 

The device shown in FIGS. 5E, like that of FIG. 5C and 5D, can offer several 
advantages over the device of FIGS. 5A and 5B which only has two electrodes. 
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. Specifically, a dc bias vbhage can be applied between any combination of the 
^iGietftkles other than electrodes 453 and 454 without altenng the dendrite length and 
hience the capabitahce and/oT resistance of the device. This has important 
lmptiCdtioh& for the use of the device in memory arrays arid other etettronic circuit 
5 . apfplicaitibns. Thesis s^e considerations dnd advantages apply to a three electrode, 
ais well as a four electrode/ device. Dendrite growth is restricted to occur betvifeen 
^^ectrodes 453 and 454 and never between any of the other electrodes. Electrodes 
453 and 4&4 are thereof ore the programming terminals of the deSnce, with the other 
electrodes be^g the output t^rminal^ of the device. 
10 tufriina iifcJW to FIGS. 6A and 6B, an exemplary enribodiment of a vertically- 

Cbnfigured MDM 60 is showri. FIG. 6A is a plan view of MiDM 60 and FIG. 6B is a 
. crbss-settiorVial view of FIG. 6A taken from line 6-6. 

with coritiiiued referee to FIGS. 6A and 6B, MDM 60 comprises a substrate 
61 which provided phy^rlcal ^up|k>rt for the merriory cell or device and, if appropriate, 
15 dn insulator 68 to insulate substrdte 61 from the active portion of MDM 60. 

With continued reference to FIGS. 6A and 6B, an electrode 63 is formed over 
insulator 68, Next, an insulming layer 66 is deposited and patterned over a portion 
of electrode 63 to form a via hole 69 using processing techniques known in the art. 
Via hole 69 serves as the housing for the active area of MDM 60. Next, a fast ion 
20 comiuctor 62 is deposited within via hole 69 using conventional techniques so as to 
extend from the tbp of holb 69 down.to electrode 63 where it is electrically coupled. 
THj»redffer, a via fill 67.s;uch as a pfiant insulating material that wilt not hinder 
dynfcint^ git>vii^^ fill thd ui^fitled portions of via hole 69 to protect the Hole 

. ain^ previeint oy^f iyihg layers or mat^rt£4s from filling hole 69. 
25 With cohiiriued referefntie to FIGS. 6 A and 6B, an electrode 64 is next formed 

^o that at least a pbrtion Of electrode 64 makes electrical contact with fast ion 
conductor 62: Eledtrode 64 is preferably formed on a plane parallel to the plane 
formed by electrode 63 and at a right angle. Electrode 64 is prevented by insulator 
68 from making direct electrical contact with electrode 63. When a voltage is applied 
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to electrodes 63 and 64, a dehdrite 65 grows veirticaify at the surface of fast ion 
conductbr 62 anid along th6 inside of via hole 69, dendrite 65 extending from the 
cathode (e.g. etecfrode 63) towards the anode (e.g. electrode 64). 

With cohtinuefd rigferfehcfe to FIGS. 6A and 6B, the vertical configuration of 
5 MDM 60 \s consid^i^^bly more cdmpact than the horizontally-configured MDM of 
FldS; 5 A and 5B &nd thu^ may be considered the ''high density" configuration, as 
mbiiy more MDM elements may be fabricated per unit area. For example, in the 
vertical version, multiple atternating aribde and cathode layers with intervening fast 
ion cbndiictors may be ^t^cked td drdmaiically increase storage capacity. Storage 
,10 dehsitieis; in exbess of 25 Mb/cm^ are possible with a single vertical structure and 
th^^e derisities Will dbtible with an ahdde-cathode-ariode arrangement. In such an 
^rirahgemeht, thi^ ma>timum stt>r)a^ density may be limited by the size and complexity 
bf the ciolumh arid row decoder circuitry. HbweVer, if the MDM storage stack is 
fabricaited oh ar^ ihtegreted circuit, the Whole semiconductor chip area can be 

15 dedicated tb rdw/coluifnn decode, s^nse amplifiers, and data management circuitry 
siiftce the MDM elements will not use any silicon real estate. This should allow 
^tdrage densities 6f many 6b/citi^ to be attained. Used in this manner, the MDM is 
esj^entially dh additive technology that adds capability and functionality to existing 
siticbh integrated circuit techhobgy. 

2b The exemj>lary MDMs of FIGS. 5 and 6 represent a significant departure from 

conveiitionai siiicon^besed micrbeleetronics. Silicon is not required for the operation 
61 the MDM uhlesis control etectrohics are t6 be incorporated on to the same chip. 
Alsfo, the dverdll rnanuf abturihg prdbe^^ of eh MDM is considerably simpler than everf 
the rrioist baisic ^erhiddhdiictor processir^ teehhiques. With simple processing 

25 techniques coupled With reesohable rneterial costs, the MDM provides a memory 
device with a irnuch lower production cost than other memory devices. 
1 . PROM and Anti-fuse Applications 

With continued reference to FIGS. 5 and 6, MDM 50 and 60 can be utilized as 
PftDM type memory devk:es. Most current PROMs use fusible links which are broken 
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or bloWh 6i^fmg pfbgrafrihiinrg. Once a Hnlc is broken. It cannot be remade. The 
MDMs of the p^resent inv^tibn provide the ability to make, rather than break, a 
connection. This is more desirable as it gives mbre latitude and flexibility; for 
exarrtple/ even if a wrong link (i.e. der)drite) is made, this link can always be blown 
5 like a cortvehtiohal fuse. Also^ the dendrites of the MDMs can withstand many 
make/break cycles; thus, multiple reprogramming cycles are possible. 

The MDMs of the i^^ent ihvehtion may al$<b be used ^ programmable logic 
arrayi l^j^LAs"). Iri PLAs, blocks of logic elements such as gates or adders are 
foriVii^d biii iSre ht»t cbiihected. the cohriectiohs are made to suit a particular low 

10 volume application (e.g. an application which woiild not justiify a custom chip design), 
traditidnatly^ the final connections between the various logic, elernents are made at 
the production facility. HoweVer, the MDMs of the prteent Invention would allow 
such PLA devices to be 'field progrdrnmable" as it Is relatively easy to electricatty 
define hard Connections between sections on the chip with the metal dendrites. 

15 Anti-fuses are als6 found in ir)tegrated circuits where redundancy techniques 

are used to combat process-induced defects and irvservice failures, for example, 
complex, high-density circuits such as 64 Mbyte DRAM, have more memory on board 
the chip then is actually used. If ohe section of the chip is damaiged during 
processing or fails during operation, spare memory rhay be brought on line to 

20 compensate. Typically, this process is controlled by logic gates on the memory chip 
ar)d requires constant sc^-testing dnd electrical reconfigurdtioh. An MDM in 
. aKitcbrda'nce With the ptesbht lnvefitior% rrtay Be iHcotporated irtto such memory chips 

. to epprbpiridtely fortn' h^W cohnectlohs inside the chip when required. 

in accordance with the present invention, data may be written to PROM 

is configured MDMs ("MDM-PROMs") by applying a constant or pulsed bias to the 
electrodes of the MDM to pron>6te dendrite growth. The rnietal dendrite is allowed 
to reach the anode so as to form a bw resistance anti^fuse connection. This 
connection changes both the resistar>ce and the capacitance of the memory system. 
The MDM-PROM memory cell inay then be easily 'read" by passing a small current 



(i:€i, a current ^smali enough not to da»mag6 the dendrite) thrbiigh the dendrite 
connection. 'Erasing* the MDM-PROM is accompilJshed by passing a tergie current 
through the dendrite so as to destroy the dendrite and break the connection. If 
enibugh rn^tal ion material still remains between the opposing el^rod^ of the MDM» 
5 a new dendrite may be grown later as appropriate. 

In the MDM-PROM, the electrical change between the two dehdrite corif>ected 
electrodes is so great that transistors are not rec^uired at the MDM cells. This is true 
regardless of wht^ther a lateral or vertical configured MDM is employed. In the 
vertical or high-density configuration, the merT>ory element size becomes a function 

10 of ariode/fast ion conductdr/cathode gefomeitry alone. This geometry allows the 
memory of the present invention to be the most compact electrical storage means 
aivatlable, much more compact than floating gati^ or ferrbel(^ctric meihnories which 
irbquire trarisistors To be part of their storage elemerits. In dddltion, both lateral and 
vertical MDM cdnfi^rations may be formed on virtually any chernically and 

15 mechariically stable substrate material; if silicon is required for additional circuitry, the 
MDM rtiay simply be formed on a silicon substrate. 
2. EEPROM Applications 

With continued r^fe^rehce to FIGS; 5 arid 6, the ability to create and control a 
hbn^volatile change in ah electrical pdrarneter such as resistance or capacitance 

20 allows the MDM of the present invention to be used in many applications which 
would Otherwise utilize traditional EEPHOM or FLASH technologies. Advantages 
provided by the presehi inv^htion over present E^PROM arid FLASH merrk>ry include* . 
dnr)dng others, IdWeir production cost and the ability to use flexible fabricatiori 
techniques which are easily ddaptabl^ to a variety of applications. MDMs are 

25 especially advantageous ini applications where cost is the primary concern, such as . 
smart cards and electronic inventory tags. Also, the ability to form the mernofy 
directly ori a plastic card is a major advantage in these applications as tNs is 
impossible with all other semiconductor memories. 
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Further, iii accordanibe with the MDM device of the preiseiit invention, memory 
eliernbhts may be s;caled to less than a few square rmcrons in si2e> the active portion 
of th^ device being less than one micron. This provides a significant advantage over 
traditional semiconductor technologies in which each device and its associated. 
5 interconnect can take up several tens of square microns^^ 

In accordance With anbther embodiment of the present inVentioh, pass 
transistors are Used in the EEPROM configured MDMs CMDM-EEPROMs") for 
providing EEPFtOM devices with DRAM-type densities. Alterhatn/ely, the materials 
of the MDM devices or separate diodes or thin film transistors t^FTs'*) may be used 

10 in place of the silicbn pass tridnsistbrs to prevent celko-ceH short circuits in ah array 
having a plurality of devices. 

In dcc6rdar>ce with the present inVentibn, data may be written to MDM- 
EEPto'Ms by abblyihg a constlaht or pulsed bias to the electrodes of the MDM to 
promote dendrite growth. The growth of the dendrite chants both the resistarice 

lis iihd capacitance of the device, both of which are easily measured. In the MDM- 
EEPR6m, ah insulating barrier, such as an oxide wall, may be disposed adjacent to 
the ariode to prevent the dendrite frdm reaching and electrically coupling with the 
anode when a voltage is applied. The MDM-EEPROM cell may then be eaisily 'read* 
by iapplyihg a small AC signal to the MDM device (I.e. alternating the anode and 

20 cathode). This AC signal, which "wiggles^ the dendrite back and iforth but does not 
fully grow or retract the dendrite, results in a dyn&mic capacitance and resistance 

: chdh^^e around the low or high states: ^Rewriting" or "erasing* the MDM-EEPftOM 
rhefely involves the application of a bias voltage which is opposite to the direction of 
the dervdrite growth (i.e. reversal of the anode and cathode). In a preferred 

25 embodirheht where one electrode comprises aluminum and the dtheir electrode 
comprises silver, the dendrite will only grow from and retract toward the aluminum 
eiectrbde; a hew dendrite dbes not form from the silver electrode during the retraction 
event. 
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Since the MDM elemerits exhibit highly nbrvvotattle char act eristics^ and since 
the dendrite position (ahd h^nce resistance and capacitance) is a functidh of the 
magnitude and duration of the applied voltage, muKiple-st^te br n-state logic storage 
is also possible. In this storage scheme, more than two levels (i.e. binary) maty be 
5 held in each istorage cell; thus, increasing the overall storage density greatly. For 
exairiiple, 4-state storage (possible by usirig four dendrite positions) alldvvs a doubling 
of memory capacity per unit area for the same storage c^ll size. Thus, in accordance 
with the present inVfehtion, MDMs may be able to store a continuum of analog, rather 
thdn digital, quantities. The storage of analog values in Conventional memory 
10 .technologies is extrern'eiy difficult if not irnpossibie. 

3. MSilary alid Aetosfyace Api^catiohs 

The preselDt invention has many attributes which lead to other potential fields 
of lise. All read/write ele&trohfc memories are based on the principle of a charge 
storage. In DRAMs the charge is stored for a few microseconds, in EEPROMs the 

15 charge may be stored for years. Unfortunately, there are various processes which 
cSBin change this charge such as ionizing radiation. For example, in military and space 
applications, alpha particles, when passing through a typical semicbriductor device, 
ledve a charged treil which diters the charge in the semiconductor device: In the case 
of rhemory technologies, this leads to soft errors and data coriruptioh. The present 

20 invention, on the other hand, does hot depend on charge storacfe but on a physical 
change in the materials this material being unaffected by relatively large doses of 
radiation. In other words, the present invention is radiation hard, this provides 
^igriificant adyahtageis f 6r fntliti^ dnd ^pace systems as well as many high-integrity 
commercial systents such as aircraft and navigation systems. 

25 4. Syrithetic Neiirai Systems 

Another application of the present invention is in synthetic neural systems 
(''SNS*). SNS device^ are based on the workings of the human brain and are 
destined to become the next generation o1 computing and control devices. SNS 
devices rely on the ability to make connections between elements as part of a 
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^ledrnirig* process. Connections are formed between the most active circuit nodes 
(I.e. those nodes which have signals present for a majorrty of the time). The 
^training* of th6 systems, by the application of input, resuhs in a forn> of hard-wired 
logic. However, this type of systerh is extremely difficult to achieve with 
5 conventional silicorvbased devices. On the other hand, in accordar^ce with the 
present invention, SNS systems comprise MDMs. Because formation of a deruirite 
dep^rKls on the presence of a voltage signal, connections riaturally form between the 
most active nodes as the dendritel^ grow toVirard the electrodes.which have volta^e^ 
Applied to them. In ^dditioh, the strength of the cormectton, governed by its 
10' capacitance, will deperKi on the strength of the input* TNs dir^ctdble analog memory 
effect is another significant aspect of the present invention. 

tIK Prbgrammiable Resislante/Caplacittince Devices 

Referring now to FIGS. 7 arKi 8, an exemplary prograitirfiable resistance and 
trapacitdnce ("PR/C") device is shown in accordance with the present invention. 
15 FIGS. 7A and 7B are plan and cross-sectional views, respectively, of a lateral type 
device. FIGS. 8A and SB are plan and cross-sectional views, respectively, of a 
vertical-type PR/C device in accordance with another embodiment of the present 
invention. 

With specific reference to FiGS. 7A and 7B, an exerriplary PR/C device 7Q is 
!20 isht^wn in a lateral or horizontal configuration. FIG. 7A is a plan view of PR/C 70 and . 
FI6* 7B i6 a crdss-s^t^tiorial view of PRfC 70 tdken from line 5-5 of Fl6. 7A. In this . 
illustrated erhbbdinfi^t, PtMC 70 comprises a substrate 71 which prbvkies the. 
i3hysical sujppbil for ihe PWC device. If substrate 71 is noh*insuldting or otherwise 
incompatible with the materials used in PR/C 70, an insulator 76 may be disposed on 
25 s^ubstrate 71 to isolate th^ active portion of PR/C 70 from substrate 71 . Next, a fast 
ion conductor 72 is formed oh substrate 71 (or formed on insulating layer 76 if 
insulator 76 is used). Fast ion conductor 72 is appropriately patterned to provide 
isolation between adjacent PR/C or other devices. The dimensions (e.g. length, width 
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£ind thickness) of fast ion conductor 72 will effect the electrical characteristics of 
WVG 70. For example, if fast ion conductor 72 is thin and has a length greater than 
its width, the resistance value of PR/C 70 will be greater than the resistance value if 
faSt ion conductor 72 was thick and its width was greater than its length. 

'5 With continued reference to FIGS. 7A and 7B, electrode matehats are then 

deposited on f ^st ion cofydiictbr 72 and approprtatelY patterned to form electrode 73 
(e.&., a cathode) and electrode 74 (e.g., an anode). When a voltage is applied to 
e^hdde 73 aTid anfod'e 74, a dendrite 75 grows from cathode 73 along the surfaice 
of fdst ion conductor 72 towards electrode 74. The dimension and shape of 

10 electrodes 73 and 74 contribute to the characteristics of device 70. For example, if 
eldfctrode73 is narrow or comes to d point, the electric field will be high and growth 
of dendrite 75 from electrode 73 will be rapid. On the other hand, if electrode 73 has 
^ broad configtirdtron, the electric field at electrode 73 is relatively small and the 
growth of dendrite 55 from electrode 73 will be slower. 

15 With continued reference to FIGS. 7 A and 7B, an insulating layer 79 is next 

deposited on device 70. Insulating layer 79 protects the active area of PR/C 70 from 
mechanical damage or chemical contamination. Holes 125 are then appropriately 
provided in insulating layer 79 so as to allow a contact 77 and a contact 78 to be 
iE^lectrically coupled with electrode 73 and electrode 74, respectively. 

2t> With continued reference to FIGS. 7A and 7B, a person of skill in the art will 

recognise this is not the only possible configuration or method for constructing a 
' Ig^Wal.F^/C tlevice. For ek£»mple, an alternate configuration for PR/C 70 comprises 
. fdiWiirig (Electrodes ?3 land 74 oh siibstrdte 71 and then fomiing fast ion conductor 
72 on top of thesie ele^rtides. In this case, derKlrite 75 will grow alorig the Interface 

is between substrate 71 and fast ion conductor 72. 

As discussed earOer in connection with FlGs. 5C, 5D, ar>d 5E, and focusing on 
metal dendrite rnemory IMDM) devices, devices in accordance with some 
erinbodiments of the invention include an electrode or electrodes additional to the two 
■ electrodes utilized to program der^drite growth, which can be used for "outputs** of 
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the devices. These are illustrated in FIGS. 5C, 5D and 5D, and the same structures 
are applicable lor providing programmable capacitance and resistant elements in 
contents other thdn memory elements and for appropriate application anywheire 
irapacitarice sa^d resistance elemehts are utilized. 
5 Turhifijg now to FIGS. 8A and 8B, an exemplary embodiment of a vertically- 

corifigured PR/C 80 is shown. FIG. 8A is a plan view of PR/C 80 and FIG. 8B is a 
cross-sectional view of PR/C 80 taken from line 8-8 of FIG. 8A. 

With continued refiwence to FIGS. 8A and 8B, PR/C 80 comprises a substrate 
81 which provides the rnechdnlcdl 5U|»port for the programmable cell or device and, 

10 if appropriate, an insulator 88 to idsulate substrate 81 from the active portion of PR/C 
80. An electrode 83 is then formed over insulator 88. Next, ah insulating layer 86 
is deposited and patterned over a portion of electrode 83 to form a via hole 89 using 
processing techniques known in the art. Via hole 89 is used for housing the active 
area of PR/C 80. Next, a fast ion conductor 82 is deposited within via hole 89 using 

15 conventional techniques so as to extend from the top of hole 89 down to electrode 
83 where it is electrically coupled. Thereafter, a via fill 87 such as a pliant insulating 
material that will not hinder dendrite growth is used to fill the unfilled portions of via 
: hole 89 to protect hole 89 and prevent the electrode to be formed above from filling 
hole 89. 

. 20 With coritinued reference to FIGS. 8A and 8B, an overlying el^trode 84 is r>ext 

formed so that at lea^ a portion of electrode 84 makes electrical contact with fast 
ion conductor 82. Electrode 84 is preferably formed on a plane parallel to the plaine 
fbifrned by ^ectrode $3 and at a right angle. Electrode 84 is prevented by insulator 
86 frOiin makirigi elisbtrical c6r>tact with electrode 63. Whfen a Voltage Is applied to 

25 electrodes 83 and 84, a dendrite 85 grows vertically at the surface of fast ion 
conductor 82 and diong the \ns\de of via hole 89, dendrite 85 extending from the 
cathode (e.g. electrode 83) towards the anode ie.g. electrode 84). 

With continued reference to FIGS. BA and SB, the vertical configuration of PR/C 
80 is considerably more corhpact than the horizontal configuration of FIGS. 8A and 
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6B and thus may be considered the "high density' configuration, as many more PR/C 
elements may be fabricated per unit area. For example, in the vertical version, 
multiple ^ternating ariode and cathode layers with intervening fast ion conductors 
may be stacked to dramatically increase the number of elements per unit area. 
5 With reference how to FIGS. 7 and 8, the PR/C devices of the present invention 

are typically constructed so as to be physically larger than the MDM devices of FIGS, 
5 and 6 so that a greater parametric variability may be attainable. The PR/C devices 
6f the present ihverition are 'programmed' using a DC voltage; consequently, a small 
sighal AC voltage would not df feet the dendrite condition and hence the resistance 
id or ceipachance would not vary. These progranrimable devices may be used as tur^d 
circuits in general (e.g., frecjuency selection in cPrnmunication systems, tone controls 
ahd audio systems, vdhage controlled filter cirburts), voltage controlled oscillators 
rVGOs'), signal level (e.g., volume controls), automatic gain controls ('AGO, and 
the like. 

IS With coritlnued reference to FIGS, 7 and 8, the exemplary PR/Cs represent a 

sigr^ficant departure f rdm conventional silicorvbased microelectronics. In fact, silicon 
is hot even required for the operation of the PR/C. Also, the overall nnanufacturing 
process is considerably simpler than even the most basic semiconductor processing 
techniques. The sirhi>le processing techniques coupled with reasonable material costs 

20 provide a device with a low production cost. 

. IV» Electro Optical Devicies 

In accordance with the present ihverition, PMC devices ntay also be 
incorporated in electro-optic applications by utilizing broad dendrite growth between 
wide electriDkJes at high applied voltage. 
25 With reference now to FIGS. 9A and 9B, an exemplary optic device 90 is 

showri where FIG. 9A is a plan view of optic device 90 and FIG» 9B is a cross- 
sectional view of optic device 90 taken from lir>e 9-9 of FIG. 9A. In tNs exemplary 
embodirnent, device 90 comprises a subistrate 91 which provides, the mechanical 
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support for the optic device. Next, a fast lor^ conductor 92 is formed or> substrate 
91, fast i6n conductor 92 beir>g appropriately patterned to provide isolation between 
ad|dcerit cells or other devices. 

With continued reference to FIGS. 9A and 9B, electrode materials are then 
5 deposited on fast ton conductor 92 and appropriately patterried to form electrode 93 
(e.g., a tathode) and electrode 94 (e.g., an anode), the configuration of electrodes 
33 and 94 are rnuch broader in v^idth than the electrodes of the horizontal MDM of 
iFtGS. 5A and 5B. When a large voltage (i.e.» voltage greater than 5 vohs) Is applied 
t6 electrodes 93 and 94, a "sheet* of metal derfdrite 95 is produced, dendrite 95 
..TO groWihg from cathode 93 along the surface of fast ion conductor 92 towards 
electrode ^4. Dendrite sheet 95 may be used as a shutter to block the passage of 
light through an optical cell or as a mirror to reflect light incident on the back or front 
surface of optic device 90. 

With continued resfererwe to FIGS. 9A and 9B, a transparent window 99 is 
.1 5 formed over dendrite 95. A contact 97 and a contact 98 are thien electrically coupled 
with electrode 93 and electrode 94, respectively. 

With contintied reference to FIGS. 9A and 9B, a person of skill in the art will 
recognize there are other possible configurations or rnethods for constructing an 
eiectro-bptic device in Accordance with the present invention. 

=20 v. Light and Short Wtiveljength Radiation Sensors 

With reference IK>W to HGS. lOA and 108, dn e^cemptary light and short 
^ wai^ielieifiigth r^attoh s^h^r 160 is described where FIG. lOA reprbsent^ a plan view 
df sensor ibO and Fi6. .1 OB illustrates a* cross-section of sensor 100 taken from lune 
10-lOof FIG. lOA. 

25 With continued reference to FIGS. 10A arni 10B, sensor 100 comprises a 

substrate 101 which provides the sUpport for the sensor device. If substrate 101 is 
non-insulating or otherwise incompatible with the materials used in sensor 100, an 
insulator 106 may be deposited on substrate 101 to isolate the active portion of 
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serKsbr 160 from substrate 101. Next, a fast ion conductor 102 is formed on 
Substrate 1 01 (or formed on insulating layer 106 if an insulator is used). The 
dtrhehsioris (e.g. length, width and thickness) of fast ion conductor 102 will 
. determine, in part, the electrical characteristics of sensor 100- For example, if fast 
5 Ion corKJuctbr 102 is thiri and has a length greater than its Width, the resistance value 
of sensor 102 will be greater than the resistance value if fast ion conductor 72 was 
thick and its width was greater than its length. 

With cbntinued reference to FIGS, 10A and 10B, electrode materials are then 
dej^bsited on fast ion cbniductor 102 and appropriately patterned to form electrode 

10 103 (ei.g.» a cathode) dnd electrode 104 (e.g., an anode). When a voltage is applied 
to caithode 103 and driOde 104, a dendrite 105 grows frbm cathode 103 along the 
surface of f aist ion conductor 102 towards electrode 104. The dimen^dn and shape 
of electrodes 103 and 104 contribute to the characteristics of sensor 100. For 
jBt)(ampie, if electrode 103 is narrow or comes to a point, the electric field will be high 

15 and growth of d^rkirite 105 from electrode 103 will be rapid. On the other hand, if 
eliidtrode 103 had;' a broad configuration, the electric field at electrode 103 is 
relatively sriiait and the grov»th of dendrite 105 from electrode 103 will be slower. 

With continued reference to FIGS. 1 OA and 1 OB, a transparent window 1 09 
rs next fdritied over electrodes 103 ar>d 104 and over the region reserved for dendrite 

20 105. Holes 145 are then appropriately provided in window 109 so as to allow a 
contact 107 and a cohtaict 108 to be electrically coupled with electrode 103 and 
^MbcXfOd^ 1 04, resjseetivtely. 

Wrth cbhtirSiied ibferehce to FIGS, lOA and lOB, a short wavelength radiation 
110 eriters^eifisor too through window 109. The growth and dissolution rate of 

25 dendrite 105 is sensitive to visible light in the orange to violet rai^ge as well as to 
shorter Vvavelerigths^ particularly, ultraviolet; the growth rate of dendrite 105 is much 
less sensiitive to Wavelengths below ultraviolet. Light of short wavelength 110 which 
is ihcidentt on transparent window 1 09 enhances the ionization of the metal during 
growth or dissolutibri of dernirite 105 and hence the time to grow or dissolve dendrite 
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105 is deduced. This time dilferehce may be detected by electronic means and then 
related to the intensity of the incident radiation. 

Whh continued referer>ce to FIGS. lOA and 10B, a person of skill in the art will 
ir^ico9f)ize this is not the only possible configuration or method for constructing a 
S sehBot device. For example, an alternate configuration for sensor 100 comprises 
forming electrodes 103 ar>d 104 on substrate 101 and theri forming fast ion 
cdridui^tbr 102 on top of these electrodes. In this case, dendrite 105 will grow along 
the ihfefface between substrate 101 and fast ion conductor 102. 

V. C(ciAclusl6h 

10 Thii^, In accbrdance with th& present invention, a low cost, highly 

rndriiiifacturaUe device is obtained that may be employed in a variety of appfications 
siich as memory devices, programmable resistor and capacitor devices, optical 
divides, sensors, and the like. 

Although the present invention is set forth herein in the context of the 
1.5 appended drawing figures, it should be appreciated that the invention is not limited 
to the specific forms shown. Various other modifications, variations, and 
enhancements in the design, arrangement, and implementation of, for example, the 
PMC, as set forth herein may be made without departing from the spirit and scope 
of the present invention as set forth in the appended claims. Furthermore, one of skill 
20 in the art will depreciate thait various other applications arid u^es exist for the PMC 
device b^id&s the specific 0:i(difnpies giv^. 
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c:LAJMS 

Whiat IS ciaimed is: 

L Pttid^^thmBbie MetdRhaiibh Cell 

1. A programmable rnetallization cell cbmprising a body formed of a fast 
S idh Conductor material having rnetalitc ions disposed therein, a plurality of conducting 
' ' ■ .'electrodes deposited on sard body of material, said electrodes adapted to have a first 
voHagd 'Applied between two of said electrodes to program the cell by growing a 
. . rVtetalte dendrite firbm thb negative of the two electrodes tdward the positive of the 
tWo etectroides White the first vbhage is applied thereto. 

10 2. A pro^dffiimable metallization cell in accordance with Claim 1, wherein 

Sdid two electrodes^ dre adapted to have a second voltage, opposite in pblarity to said 
fir^t Voltag'i^, applied thereto to ne^erse growth of the metallic derKfrtte while the 
second voltage is applied thereto. 

3. A prdgiramthsfble metallization cell in accordarice with Claim 1 , including 
MS an etectricai ihisulating material interposed between said two electrodes to inhibit 

metaiiic dendrite growth so that the metdllic dendrite grown from one electrode clan 
not grow to a point where it contacts this other e^tecrtrode. 

4. . A progirammaibte metaflizatioh ceil in accordance with Daim 1, whefrein 
: said fa's^t ibh clohdiictbr is forimed from a metal ion-containing glass. 

20 5. A programmable mietailization cell in accordance with Claim 1, wherein 

said fast ion conductor is formed of a chalcogenide-metal ion material selected from 
the group consisting of sulfur, selenium and tellurium. 
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6. A prograhimabje m^taliization ceil in decordanca with Claim 5, wherein 
said chabdgenide>metai ion material contains a metal selected from the group 
coh'sistihg of Group IB dnd Grbiip KB metals. 

7. A pro^ramrriable metallization cell in accordance with Claim 5, wherein 
5 said. cHatco^ehidi^metal ion rnaterial contains a metal selected from, the group 

cSbnsistiiig of silver, copper and zinc. 

8. A pr6grammable metdllizatioh cell in accordaVice with Oaim 1, wherein 
said f b^t ion c6ti»duct6r is formed of a chalcogehide-metal ion material consisting of 
j^senic trisulphide-silvef ^ 

lb' .9. A programmable rhetdtlizaitiori cell in accordance with Claim 1» wherein 
said fai^i i6n bohductor comprises AgAsS^- 

10. A method of forming a programmable rtietallization cell comprising the 
steps of providing a body formed of a fast ion conductor rnaterial having metallic ions 
disposed thie'rein, and providing a plurality of metallic electrodes deposited on said 

1 5 body of rnaterial. 

11. A m'ethoid of programmiiig the programrnable rrtet^lization cell of Clairii 
16, inbiikTmsi th0 ddditiohal step of applying for a pifedetermiried ttrne a fir^ voltage 
b^twi^ tWo: 6f sdid prurality of ^^etrcNd^ to establish a negative electrode and a 
positive eleclrode to groW a metal derMirit^ from tfie rieg^tlve electrode to the positive 

20 electrode during f he. predetermined time of application of the voltage. 

1 2. A rhethod of alteririg the programrriinig of tlie programm^le metallization 
cell of Claim 1 1 , by application of a secorKl voltage for a predetermined time to said 
two electrodes. 
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13. A method of Bering the programming of the f^rogrammable metalUzation 
of ClaHn 12, by applying a second voltage of the same polarity as the first voltage 
to further grow the metal dendrite from the negative electrode to the positive 
. ^lectrbde. 

5 14. A metKbd of altering the programrhing of the programmabfe' metallization 

eeil of Clairifi 12, by applying a second voltage of a polarity opposite to the first 
Vbltage to reverse the mc^tallic dendrite growth. 

15. A cell having progratmmable electrical characteristics comprising: 
a fast ion condui^tor material having a Surface; 

10 . an anode disposed at ^aid surface; 

a cathode disposed at said surface a set distance apart from said anode; 
a dendrite formed at said surface and electridally ebupled to said 
c^iho^e/sdid dendrite having a length defining electrical characteristic^ of said cell 
and said length being filterable by a voltage applied across said anode and said 
15 cathode. 

1 6. The cell of claim 15 wherein said faist ion cohductbr rtiatierial comprises 
a chalcogeiiide material selected frorh the group consisting of sulfur, selenium, and 
tellurium. 

17. th^ cell of cldim lS wherein sdfd fast ion condudtbr material cdrhprise^ 
20 a fiisit'erial ^^ebtfefd f^oiin the group coh'sisting of sulfur, seleriium arid telliirium arxl a 

metal selectiid from Group IB or Group IIB of the periodic chart. 

18. The cell of claim 17 wherein said fast ion conductor comprises arsenic 
trisulphtde^silver. 
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t9\ The cell of clairti 17 Wherein said anode consists of a nietal selected 
from ihe group consistir^g of silver, copper and zinc, and said cathode comprises 
iaiuminum: 

20. the t^W oi clairini 19 Wherem sdid anode cbn^ists of a silver*alumirHJm 
5 bilayer ahd sfaid cathode consists of alurnrnum. 

21 . The ceil of cidirh 20 wherein said set distahce between said anode ahd 
isfaid cdthbde \^ iri the rarfge Of Hundreds of rTiicroris id huridredths of microns* 

22. The celt of claim 17. wherein said fast ion conductor material is disposed 
betvt^e^n said aTiode and &aid catfK>de, said anode and said cathode f oiming parallel 

10 planes. 

23. The ceti 6i ctairn 15 further comprising a supporting substrate for 
providirtg strength aruJ rigidity to said cell. 

24. The ceil of clairh 1 5 wherein said length of said dendrite increases when 
said voltage is applied across said cathode and said andde» and said lervgth of said 

1 S deiKirite decre^ise^ whisn $aid voltage is reversed. 

25. the ccfll of claim 24 wherein said length of siaid dehdhrtte Ihcredse^ or 
- debre&es at a rMib i^reatl^r tli^n 10'^ tn/s when &aid Voltagfg is al>proxirTiaitely 6.5 to 

I.Ovblts. 

26. The ceil of clairf) 1 5 wherein said dendrite remairis intact when said 
20 Vdltdge is removied. 
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27. The cell of claim 1 5 further cbrnprising circuitry for measuring Electrical 
characteri5iic<5 related to sakt length ol sfaid dendrite at appropriate time initervals. 

2£i. the cell of claim 15 further comprising a layer over least a portion of 
said fast ion tbhductor material, said anode, said Cathode and said denidrhe for 
5 protecting said cell from damage while still allowing for changes in said length of said 
dendrite. 

29. A rhfethod of forming a programrnable cell cohnprtsihg the steps of: 
pirovidirig a fast ion conductor material having a surface; 
forhitng an anode dt sdid surface; 

1 0 forming a cathode at said surface a set distance apart from said abode; 

forming a non>Volatile dendrite at said surfiace, said dendrite being 
elebtrically coupled to said cathode and wherein said dendrite has a iehgth defining 
etefctrical characteristics of said pirogrammable cclH. 

30. The method of claim 29 whereih said step of providirig a fast ion 
1 5 conductor rtiatbrial domprisels providing a chalcogenide selected from the group 

cdnsi^ing of Sulfur, selenium, arKi tellurium, and a irietal selected from Group IB or 
Group IIB of the periodic chart. 

31. The method of claim 30 wherein said step of prdvidir^^ a fast ion 
' dohductbr h^iatsiri^l comprises providing an arsenic trisulphide-^ilver rridteriaL 

20 32. The method of claim 31 whereih said step of providing an arsenic 

trisulphide-siker rnmerial comprises the step of illuminating a silver film and an 
£lrsenic sulphide layer with a light of wavelength less than 500 nanometers. 
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^3. the method of claim 29 whereiri said step of foymin^ ah ahckie 
edtvtprises forming an dnode of a material selected from the group consisting of silver 
cbpF^er and zinc, arid said step of forming a cathode coitiprises forining a cathode 
c6mf>risirig a conducting materia* 

5 34, the method of claim 29 wherein said step of fomiing a cathode 

cornprises forming a cathode in a plane parallel to said anode. 

35. the rhethod of dalm 29 further comprising the step of providing d 
suppol'ting ^bstrate for istrertgth and rigidity to said programnriiable cell. 

36. The rnethod of clainri 29 f urtheir comprising the step of providing circuitry 
16 fdr measuring electrical chairact^istics relarted to said length of said dendrite at 

at)propriate time intervals. 

37. The method of claim 29 further comprising the step Of providing a layer 
over at tieast a portion of said fast ton conductor material, said dnode, said cathode 
and said dertdrite for prot^tin^ said cell f rorh damage while still allowing for changes 

j 5 ih staid length of smd denckite. 

36. A method for prograTnrhing the cell of claim 29 comprising the step of 
:^j>iying a voltage ^iE^os^ s^d cathode and 6ald anode so as 16 increase or decrease 
■Said ii^hgth 6f said dendrite. 

39. A prograrrimable metallization cell comprising a body f orfned of a fast 
v2t) ion conductor material having metallic ions disposed therein, a catfiode and ah anode 
deposited on said body of material, said cathode arni anode adapted to have a first 
voHiage applied between them to program the cell by growing a metallic dendrite from 
the cathode toward the artode white the first voltage is applied thereto, and further 
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cbmprising at least one additional electrode provided in the body with an isolating 
rhateridl isblating said at least one additional electrode from the metallic dendrite and 
fast ion conductor. Whereby electrical characteristics measured between any two of 
the cathode, anode, and at least one addttional electrode, vary in accordance with the 
5 growth, of the metallic dendrite, 

40^ A prograviimable metaAizdtion celt in accordance with Claim 39, wherein 
sii^idila^ idn coifiductor material is a chalcogerVide selected from the group consisting 
of sCilfur, seleriiUm and tellurium, and said metallic ions are formed from a metal 
. selected from the groitp consisting of isXtvet, copper ar^d zir>c. 

TO 41 , A progran^rriable metallkdtion cell in accordance with Clairn 40 wherein 

said isolatinti material comprises a dielectric such that the electric: al characteristic 
virhich varies in accordance with growth of the metallic dendrite 
is capacitance. 

42. A progr^irrimable metallization cell in accordance with Claim 40 wherein 
15 s^id isolating rhaterial comprises a resistance material such that the electrical 

characteristic which varies in accordance with growth of the metallic dendrite is 
resistance. 

43. A prbgrarinirn^le metallization cell c6mprii^ng d body formed of a fast 
. . ibh cohklucttir 'msfierieii foritied of a chalciogenide material selected frbrtl the group 

20 coriSisting 6f sulfur, selenium and tellurium, ahd havirtg rhetallic iohs selected from 
the grc>up cohsistirVg of silver, copper and zinc disposed therein, a cathode and m 
anode deposited 6n s^aid body of material, said cathode &nd anode adapted to have 
a fii'st voltage applied l>etween them to program the ceH by growing a metallic 
dcMrite from the cathode toward the anode while the first voltage is applied thereto, 

25 ahd further comprising at least two additional electrodes in the body with a material 
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isbl^tihg said two ^dd'rtiohal electrodes from the rnjetattic dendrite and fast ion 
conductor, whereby electrical characteristics nieasured between any two of the 
cathode, amode, and two additional electrodes, vary in accordance with the growth 
bf the metallic dendrite. 

'5 44. A progf^amrriable metallization cell in accordance with Clairn 43 wherein 

said isolating material comprises a dielectric such that the electrical characteristic 
which varies in accbrdahice with growth of the metallic dendrite 
is capacitance. 

45. A programmable metallization cell in accordance with Claim 43 wherein 
ID s^id isolsitihg material comprises a resistance material siuch that the electrical 

characferiitic which varies In accbrdanee with growth of the metallic dendrite is 

fesisftahce. 

II. Met^ail Dendrite M^finbry 

46. A non-volatile memory element comprising a prbgrammable metaliization 
1 5 cefl in dccordance with any of claims 1-9, 1 5*28, and 39*45. 

47. A method for forming a non* volatile memory element comprising the 
steps of forming a programrhable metallization cell in accordahbe with any of claims. 
10-14, and 29-38. 

ilL Prbglrammable Rc^^stahce/Capacitance Devices 
20 48. A programmable resistance element comprising a programmable 

metallization cell in accordance with any of claims 1-9, 15-28, and 39-45. 



- 37 - 



\vb 97/48032 



Fcr/usrr/0»367 



49. A rnetKbd of lormi'ng a programmable resistance element comprising the 
steps of forming a prdgrarhmatde metalfization cell in accordwice with any of claims 
10-14 arid 29-38; 

50. A programmable capacitance element comprising a programmable 
5 rrietaliizatidn cell in accordance with any of claims 1-9, 15-28, and 39-45. 

51 . A mfethod of forming a programmable capacitance element comprising 
the steps bf forming a programrhabte metallization cell in accordar>ce with any of 
claims 10-14 and 29-38. 

IV. Eledtro-optical Devices 

iO 52. An optidai device f Ik 3witchir>g between a light transmitting mode ar)d 

a light blockage or ref lectihg rtfbde, cornprising a programmable metallization cell in 
accordance with any of claims 1-9,15-23, and 39-45, wherein the two electrodes to' 
which a voltage is applied to form said rtietailtc dendrite aire of relatively large lateral 
extwnt and function to grow a metallic dendrite of relatively large laiterai extent, and 

1 5 in Which said fdst ior>. conductor has a least one portion transparent to light of some 
Wavelength, such that prograrnming of formation of said dendrite will selectively 
block and unblock li^t transmission through said fast ion conductor. 

53. A method of forming an opticd switch comprising forming a 
pi-t^gramrnable rtietailizmioh cell in atcordance with any 6f claims 1(>14, and 29-38, 

20 Wheirein the two 6fectrOd6s between which a voltage is applied to program melalUc 
dendrite growth have a relatively large lateral extent, and in which said fast ion 
conductor has at least a portion thereof transparent to light of some wave length, 
whereby dertdrite growth is selectively coritrolled to block or unblock portions of the 
transparent portion of the fast ion conductor to function as an optical switch with 

25 respect to light oriented to pass through said transparent portion. 
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V. Light ^hd Short Wavietenj^th Radtation Sensors 

54. A radiation sensor comprising a programmable metallization cell formed 
ih accbrdahce with any of clarms 1-9, 15-28 and 39-45, wherein said fast ion 
c6ncjuctc>ir has a portion thereof transparent to light and short wavelength radiation 
5 iohrned )h said feist ion conductor at a location aligned with an axis of dendrite growth 
betWeen said two electrodes to Which a voltage is applied to program dendrite 
growth, whereby the rdte of formatioii or dissolution of said rnetallic dendrite in 
response to a predetermined applied voltage betvi^een said two electrodes is 
defpehdeflt 6n the light or radiation incldehi oh said transparent portion of said fast 
10 ion conductor, such that said programrnable metallization cell functions as a light or 
f adliaition sensor. 

5i5. A itii'ethod of forining a rddisition sensor comprising forming a 
prograrinirnable metalitzatio'n cell in acc6rdahce with any of claims 10-14« and 29-38« 
wherein said fast ion conductor has at least a portion thereof transparent to 
1 5 light or short waivelength radiation, and wherein a predetermined voltage is constantly 
applied to said two electrodes, whereby rate of growth or dissolution of said dendrite 
functions as an indication of the artibunt Or iritehsity of incident light or short 
way<eleriQth radiation. 
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Aprogvaminable niaalliziBtioo ccU (I0)(^PMC*7 a>n]pfne9 a fist ioa oniiductoc such as a cbalcogoiide-iDCial ion and a pKisality of 
dcctfodtf (13 14) (e.g^ an mde and a cathode) disposed at the solace of Ibe &st k>n conductor (12) and spaced a set dSstadoce apAit 
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dchdriia ptt^ from the csilhode along the satr&ce of the £»! ion ccsMhictor towatds the anode. The growth rate of the dendrite is a function 
of die a^plbd volume and time. The growth of the dendrite may be stopped by resnoving the vohAge rod the dendrite may be retracted by 
remsiog the vohjage polarity at the anode and cathode. Changca in the kogth of the dendrite affect the resistance and capacttahoe of the 
IPMC. The PMC may be incorporated into a variety of technologies such as manory devices^ programmable resistor/capadloi devices, 
f^rtical devices, sensors. asMi the like. EJednxtes adcfitiooat to the cathode and anode can be provided to serve as outputs or additional 
outputs of the dbvrces in sensing electrical characteristics which are dependent upon the eaaent of the dendrite. 



FOR TBB PVSPOSBS OF XNFiMUTiW ONIY 



C(jd» ttstd 16 IdnMiiy Suites 1^ 



al 




ES 






Ukic1k> 


Si 








n 




Lt 




sx 






.AiMrti - 


•fH- 




Ul 


*'^rmNAjt - 


At 


SCMCfll 


All 


Au^yb 


CA 








SB 








CB 




MC 




Tl> 


OmI 


>A 


Buna wA tfcnae 


fpvfaa GB 




MD 




Tic 




BB 


BMtelM 


CH 




MC 




TJ 




BB 




Ol 


Cite 


MK 


Ttw fctwii'i YtifMbv 


TM 




wr 




GR 






BffiwMic d MkcAmb 


TR 




BG 




HU 




ML 


MOt 


TT 


TrimdidandTobiiio 


M 




IB 


hdmd 


mn 


MMgMSft 


UA 


UkraSar 


BR 






hml 


MR 


MttiriMi 


UG 




BY 




a 




mw 




US 


VmieidSiilu«f Am- 


CA 


<>«d> 


rr 




MX 




VZ 




or 








NB 


Niter 


VN 




CG 




KB 




NL 




YU 




cii 


SMimlind 


KG 




NO 




ZW 




a 




kr 




HZ 








CM 






RciMorKfimi 


PL 








CN 


CMtt 


KJl 


RfynMSccf Koit* 


PT 


PMMttl 






cu 




KZ 




RO 


Bwnwll 






(X 


CMBtinitak 


LC 


SiiMLwii 


MV 


Bmtiii rukniWMb 






i>B 




u 




SD 


Sudan 






I^K 


Demnirl 


LK 




SB 








EC 






Ulwm 


5G 









UfTXRNAtliDNAL SEARCH REPORT 



lAtmMMw'sl »pplwsikM> No. 
|>CTA)S97/D9367 



A. CLASSIFICATION OF SUBJECT MATTER 
1FC(^) -GUC 13^ 
USCL •J65/IU 

Atteowlibg lb ii>few>»l>i>0rf i>te»t CUwfioiioo (IPC) or to bolb a^lkoftl ch»»i6c»t»o» mm! IfC 



a llftLPS SCARCHEb 



Mmini»m docoacatelioo seMcbed (clMsi6c»l>€o system hthnitd by clftMilic»i>o» symbols) 
VS. : 3^5/iW. U9.0I. 107. 43$/40fc. 43W56. 57, 66, 69 73, 43WI98. 962 



DocomeoUboe scMcbed olbcr tbao mi»HDi>iD docomwtobcm to ibc caiuol tb*l siicb docvmnls »ic bcbided » ibe l>Ud9 scorvbod 



EletliDikw'dala bftso cooiBhca dmg Ibo bttmatiooal scareb <pMM« of date boso Mid. ivbrn pvadiublo. scMck lmft Mcd) 



C I>€>CUMEHTS CONSlbERED TO BE RELEVANT 



C^kTudry* 



CiMioB of docomtat witb b<ttc*tio», wbere sppn>pn»te. of ibc nJev»nt pasnges 



Rrle»a»l to Mm hlo. 



A,P 
A , P 
A 



US A 5.549,762 (CANtARlNl) 27 AUCUST 1996 (28/08/96) 
US A 5S76239 <HATANO et al.) 19 November 1996 (19/1 1/96) 
US A 4,670.860 (WILSON) 02 JUNE 1987 ifaJObfSf) 



\_:\ Fv^cr dodi'n»tob listed, m ib« co«^u»tfo» of C. [ j See pitcsl Ikmily ioDlex, 



iti faiit A> jiri wil iwli el lb* wit #l»b ^ u i liVi « 



iM iin *Wm»«% k» Mk ■ 



Dfittft of dto »cb>bI cowplclioB of dm mterokiioa^ 
29 OCTOBER 1997 



seofcb 



Dels of matliDg of ibe inieroatHMel scofcb icpon 

0 8 DEC 1997 



Nsme Bod meiling »ddic«s of ibc ISA/US 
CoramnicHtcr of falniti aod Trwlmarbs 
DoxPCT 

Wtffei&Kloik. D.C 30231 
FocsiiorloNo. (703)305-3230 



Audwriied oflkef 



^ TERRELL FEARS y } 
telepbooe No. (701 j -JOS- 0956 



Fofm Nrr/ISA/ZIO (second sbeelXJbly 1992)* 



T 



INTIXRNAtlONAL SEARCH REPORT 



PCTA;S97/09367 



WcaiiM lhaiy ftbi* to mi1»|cci i»*B»r not ntftM to W se«i»kcd by AnAcntf^ namely: 



^ bccMie duty tol»te to fterti of ib»Hiteroftlio6»l ftpptkatioo UmI do m>I comply with dto piticfibcd wqmio^^ls tosock 



1 C»»ii»»No«~- 

b^tMw ll>«y w* dependent cliujiu m ool dmhrd m •cco«dw»cft wiA secood Md tkurd sentence* of Ruk 6.4(»)l 



B»x II 6^w»tiMM wb»r* imlty of tevmttMi b iKktos (CMitiiw»tlon »r Uwm 2 »r first sHmI) 



Tibi* |»iftiBfli6onal SuiitMog AtfUiOiiiy fbi»»d moltipb inveoimii m ikh blemolMmftI ftppKcstioa. m IblbWs: 
PImm Sm Extoa SbccL 



QA» Bit r»iy*iRfd »d4iiio»Bl stimJl fees wcic ib»ciy ptid by dke ftppKcMi, thn miuuiMMikBl ttticb fcport coven all micbaMc 



X I. t As an s£^b^ slums ciMil b« scwcM wiAovl cflbrt j»sl>fyMg m ftddkionsl 'fie« ibb AuAoffviy did not bvite paybokt 
6f my sddtlblist fe*. 

^' Cj ^ of ibi i^ifcd i^tmiftl M&vcb fcts «^ib liiBcly paid by die Jippibaou dia biciokiionoi sc»icb rcpott coM^ 

ibly cbitoi fbr ^b paid. spcd6^ 



No icqawcd addidcmal »Mcb fees vmcto timely paid by db applkaal. Coauipiendy. diii btefosliooal scsfib vepofi » 
RClnjelcd to db invcnticm firsi meaticmed b tbe claims: il b covered by cbbis Nos.: 



Remark an PraUst | | Tbe additional search Ices were aircompanicd by ihr appltcanl's pidtcsl. 

I X| No pfDicsl accompmied the peyiacnl of addiiioosi search fees. 



Form PCT/lSA/2kO (coobiMieiion offiru sKccitl>X>wty I992>« 



T 



iNtkliNAtlONAL SEARCH RETOkr 



PCr/US97/09367 



2, Ulity of Invention (cent.) 



€b»»> krfirfcixt below; 

6m»p I MikdiDg ci*»a>a 1-9. 39^5. 46. 4ft. ml 50 dwmwm to > celt. bl^6«d m 36Vim. 

Ofo^ n nchklbB cUims 10. 29-37. 47. 49. m»4 SI dnwa lo • OMlbod oT feffmiog. timM in 437^33. 
Ohw^ Ui ibfebdms cUiaks IM4 m4 3t dnwn to • aHrfboa of pfosfm»m»8. cImmOmI i» 364/900. 
Giti^ IV tUMB»^ cbim 52 dnwn t» m oplk»l dcvkc tlMN6«l in 435M08. 
Ouimp V mcbdiBg cImdi 1^3 dfBW» lo • nelbod of fbn»H»8 m optical fwitsb. clasnM ia 437/2. 
<Nobp VI biliid»B clM 54 Am l» ft 

OriMp Vli iacfai^s ^nw* to • mietkoa of ^bimbg • nJialicw uam^tlmM im 430/962. 

Ud it cobtidei* ib»l ibtt btoroslMMi*! A|>|»Kc*iion iftoM Mt comply wilb ibc fe<pM»cnc»ls of MMly of bvaitfon (RoIm 
ixi. 13 J 133) to$ Um k«»o»b bdK^ted below: 

.Tbo cUice'pl* c»pff«»*»d by tbe el*u»t of lb« above gRM»p» w* ad to iMkctf as to fom a isvcniiva concept aa 

lo^iM by PCT R»lea I3J and 13 J. 



Form PCT/ISA«10 (cxtya abedHJttbr l»2)# 



1 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects/ih the images include but are not limited to the items checked: 

□ black borders 

□ image cut off at top, bottom or sides 

□ faded text or drawing 
QTblurred or illegible text or drawing 

□ skewed/slanted images 

□ color or black and white photographs 

□ gray scale documents 

□ lines or marks on original document 

□ reference(s) or exhibit(s) submitted are poor quality 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



